L-Pyroglutamate (PGA) is naturally occurring from L-glutamate solution with accelerated formation rate under high temperature and low pH. Even though PGA has been identified as a neurotoxic agent on brain cells, the effect of PGA on the growth of microorganisms is rarely known. Here various kinds of microorganisms differing in their optimal growth temperature, pH, phylogeny, and isolated biotope were investigated for the effect of PGA. We found that growth of thermoacidophiles, including both archaea and bacteria, was seriously inhibited by the presence of PGA, and the extent of the inhibitory effect was closely related with growth temperature and pH. Interestingly, only microbes that grow at high temperature and low pH are inhibited by PGA, while this compound may stimulate growth rates of organisms that live at neutral pH and low temperature.
Introduction
L-Pyroglutamic acid (2-pyrrolidone-5-carboxylic acid, PGA) forms spontaneously from L-glutamate by the cyclization of internal amide, and its conversion rate is highly dependent on the temperature and pH of the L-glutamate solution [1] . Since its identi¢cation, the 'forgotten' amino acid has been reported to possess a strong neurotoxic effect on brain cell by reducing L-glutamate-binding on neuron [2^5] . Competitive interaction between PGA and L-glutamate with glutamate receptors was ascribed to their structural similarity [3, 5] . In contrast to mammalian cells, little information is available on the e¡ect of PGA on microorganisms to date.
Recently, we reported that PGA is a potent inhibitor for hyperthermophilic archaeon Sulfolobus solfataricus [6] . According to this study, the growth rate of S. solfataricus was reduced to one half by the presence of 5.1 mM of PGA in the growth medium, and no growth was observed in the presence of 15.5 mM PGA. It was noteworthy that L-glutamate present in a complex medium such as yeast extract was naturally converted to PGA during the cultivation, and the toxic e¡ect of high yeast extract concentration on S. solfataricus [7] was considered to be at least in part caused by the formation of PGA in the culture medium.
During the last few decades, many kinds of extremophiles capable of growing under extreme conditions of temperature, pH, salt concentration, etc., have been isolated [8, 9] . Taking into account the accelerated rate of L-glutamate dehydration to PGA under extreme conditions of temperature and pH [1, 6] , the information about the e¡ect of PGA on the wide spectrum of microorganisms comprising extremophiles should be useful in the design of optimal growth medium and high cell-density cultivation. Here we investigated many microorganisms di¡ering in optimal growth temperature (24^93 ‡C), pH (3.0^7.6), phylogeny (Archaea, Bacteria, and Eucarya), and isolated biotope (terrestrial and marine) : Aeropyrum pernix JCM-9820, Rhodothermus obamensis JCM9785, Metallosphaera sedula DSM5348, Thermus aquaticus ATCC31674, Thermoplasma acidophilum DSM1728, Bacillus acidocaldarius KCTC4135, S. solfataricus DSM1617, Escherichia coli DH5K, Thiobacillus thiooxidans JCM3866, Pseudomonas putida KCTC2406, Saccharomyces cerevisiae Y190. We found that PGA seriously a¡ected the growth of thermoacidophiles and the extent of inhibition increased with higher growth temperature.
Materials and methods
Control growth media used in this work are listed in Table 1 . Glucose minimal medium, composed of 3.0 g l 31 glucose and modi¢ed Allen's salts, was basically used as a control medium for microorganisms which grow without supplementation of other nutrients. Otherwise, the composition of the control medium was modi¢ed for better cell growth as recommended for each culture collection (Table 1 ). All the strains were cultivated in a 500 ml screwcap £ask (working volume 50 ml) at each temperature speci¢ed in Table 2 in a shaking water bath with agitation speed of 100 rpm. The pH of growth media was adjusted with H 2 SO 4 (2.0 N) before cell inoculation.
Growth of each strain was observed by turbidity measurements at 540 nm (T. aquaticus, S. solfataricus), 600 nm (M. sedula, T. acidophilum, B. acidocaldarius, E. coli, P. putida, S. cerevisiae, T. thiooxidans), and 660 nm (A. pernix, R. obamensis). The speci¢c growth rate was calculated from the slope of a straight line on a semi-log plot in which the logarithm of cell concentration was plotted against the culture time. The relative growth rate of each strain was determined by normalizing the maximum growth rate in each medium, obtained from a time pro¢le of growth, to those in the control medium. The I 50 value of PGA was evaluated by determining the concentration of PGA at which the growth rate of microorganisms is reduced to half of that in the medium without PGA. For this purpose, the speci¢c growth rate for each microorganism was plotted against PGA concentration and the I 50 value was obtained by interpolation of the data points.
Results and discussion
We examined the growth of each species in medium with or without PGA (23.2 mM). As shown in Table 2 , there was a large di¡erence in the e¡ect of PGA depending on organism. Thermophiles growing at neutral pH, such as A. pernix, R. obamensis, and T. aquaticus, were not a¡ected by the presence of PGA, while there was signi¢-cant growth inhibition by PGA for thermoacidophiles, such as S. solfataricus, M. sedula, T. acidophilum, and B. acidocaldarius. Regardless of pH, PGA was not toxic to microorganisms growing at ambient temperature. In case of P. putida, growth was greatly enhanced by the addition of PGA. When the ratio of speci¢c growth rate with PGA to that without PGA was plotted, there was signi¢cant correlation in the e¡ect of PGA to growth temperature and pH regardless of phylogeny and biotope (Fig. 1) . The extent of growth inhibition by PGA on thermoacidophiles increased with higher growth temperature. The I 50 value of PGA for growth of thermoacidophiles was analyzed by growing them in media containing di¡er-ent amounts of PGA. As shown in Fig. 2 , the I 50 value for the thermoacidophiles also had a close relationship with growth temperature. The toxicity of yeast extract on the growth of T. acidophilum and S. solfataricus can be partly explained by the inhibitory e¡ect of PGA on the growth of thermoacidophiles [7, 10] . It is noteworthy that L-glutamate has been used as an important component for cell culture, especially for thermophiles, and is the most abundant amino acid in complex media such as yeast extract.
The present results show that the inhibitory e¡ect of PGA was closely related to both growth temperature and pH of microorganisms. The intracellular pH of thermoacidophiles is usually close to neutral [11] , which indicates the presence of an e⁄cient proton extrusion mechanism against high proton concentration in growth medium. It is also known that an increase of growth temperature changes the composition of membrane a¡ecting proton permeability [11] . In this connection, L-glutamate has been identi¢ed as one of the key components involved in the maintenance of the high proton concentration gradient. According to the study by Jack et al. [12] , extremely thermoacidophilic Picrophilus oshimae, which grows at an optimum pH of 0.7 at 60 ‡C and belongs to the same order as T. acidophilum, metabolized L-glutamate in correlation with cytoplasmic membrane vpH. While the transport rate of L-glutamate into cytoplasm was the highest among amino acids for P. oshimae, it was strongly inhibited by the presence of L-aspartate. In nerve cells, PGA inhibits L-glutamate transport by competitively binding at the L-glutamate receptor [3, 5] . These evidences suggest a possible failure in e⁄cient proton transport in thermoacidophiles by the presence of PGA as a structural analog of L-glutamate. In addition, it is also possible that PGA acts as a protonophore under acidic conditions, which would result in the acidi¢cation of the cytoplasm especially at high concentrations. It remains to be seen how PGA speci¢cally a¡ects transport of L-glutamate and/or proton across the cell membrane.
In any event, the present study illustrates that the amount of PGA should be maintained at a minimum value in the cultivation of thermoacidophiles. Despite increased interest in extremophiles, information on the reason why they cannot grow to cell densities as high as mesophiles and which factors constrain their growth is as yet scarce in the literature [13^16] . Considering that the formation of PGA from L-glutamate is highly accelerated under culture conditions of thermoacidophiles [1, 6] , minimization of PGA in growth medium by controlling the level of L-glutamate or complex nutrients should be an important strategy in growing thermoacidophiles to higher cell density. Fig. 1 . E¡ect of growth temperature on the ratio of speci¢c growth rate (W) in the presence of PGA (23.2 mM) to W in the absence of PGA for species grown at pH 3.0 (b) and species grown around pH 7.0^7.6 (a). Fig. 2 . Dependence of the I 50 value of PGA on growth temperature of thermoacidophiles, which include B. acidocaldarius (50 ‡C), T. acidophilum (60 ‡C), M. sedula (70 ‡C), and S. solfataricus (78 ‡C). The I 50 value of PGA was evaluated by determining the concentration of PGA at which the growth rate of microorganisms is reduced to half of that in the medium without PGA.
